The urokinase plasminogen activator receptor-associated protein/Endo180 (uPARAP/Endo180) is a newly discovered member of the macrophage mannose receptor family that was reported to interact with ligand-bound urokinase plasminogen activator receptor (uPAR), matrix metalloprotease-13 (MMP-13), and collagen V on the cell surface. We have determined the sites of expression of this novel receptor during murine postimplantation development. uPARAP/Endo180 was expressed in all tissues undergoing primary ossification, including the developing bones of the viscerocranium and calvarium that ossify intramembranously, and developing long bones undergoing endochondral ossification. uPARAP/Endo180 mRNA was expressed by both immature osteoblasts and by mature osteocalcin-producing osteoblasts-osteocytes, and was coexpressed with MMP-13. Interestingly, osteoblasts also expressed uPAR. Besides bone-forming tissues, uPARAP/Endo180 expression was detected only in a mesenchymal condensation of the midbrain and in the developing lungs. The data suggest a function of this novel protease receptor in bone development, possibly mediated through its interactions with uPAR, MMP-13, or collagen V. (Lab Invest 2001, 81:1403-1414.
T he plasminogen activation system is an intricate system of serine proteases, protease inhibitors, and protease receptors that governs the conversion of the abundant plasma protease zymogen, plasminogen, to the active protease, plasmin. Plasmin acts directly, or indirectly via the activation of latent matrix metalloproteases, to degrade components of the extracellular matrix in the context of tissue homeostasis, tissue remodeling, and tissue repair (Carmeliet et al, 1994; Danø et al, 1985; Lund et al, 2000; Rømer et al, 1996) . In addition to its pleiotropic functions in physiologic tissue remodeling, the plasminogen activation system is also implicated in the pathogenesis of a remarkable array of important human degenerative diseases, most notably tumor dissemination, vessel wall disease, rheumatoid arthritis, and ischemic brain damage (Busso et al, 1997; Carmeliet et al, 1997; Danø et al, 1985; Ossowski and Reich, 1983; Tsirka et al, 1995; Wang et al, 1998; Werb et al, 1977) .
The urokinase plasminogen activator receptor (uPAR) is a high-affinity receptor for the urokinase plasminogen activator (uPA) that potentiates and focuses uPA-mediated plasminogen activation to the cell surface (Behrendt et al, 1995; Cubellis et al, 1986; Ellis et al, 1991; Vassalli et al, 1985) . In recent years, considerable evidence has accumulated that uPAR also takes part in cellular processes that are unrelated to plasminogen activation, including ligand internalization, cell adhesion, cell migration, chemotaxis, and mitogenic signal transduction (Aguirre Ghiso et al, 1999; Busso et al, 1994; Gyetko et al, 1994; Nykjaer et al, 1992; Resnati et al, 1996; Wei et al, 1996) . These auxiliary functions of uPAR are proposed to be executed through the reversible binding of uPAR to uPA, uPA:plasminogen activator inhibitor complexes, several classes of integrins, the extracellular matrix glycoprotein vitronectin, and possibly other ligands (Deng et al, 1996; Ossowski and Aguirre-Ghiso, 2000; Preissner et al, 2000; Wei et al, 1994 Wei et al, , 1996 .
The uPAR-associated protein (uPARAP/Endo180) is a newly discovered transmembrane glycoprotein that was identified through its specific interaction with receptor-bound pro-uPA on the surface of certain cultured cells (Behrendt et al, 2000) . uPARAP/ Endo180 was also independently identified as a constitutive endocytic recycling glycoprotein (Endo180) that is present on the surface of fibroblasts, endothelial cells, and macrophages (Sheikh et al, 2000) , and as a transcript with the capacity to encode a novel macrophage mannose receptor type C lectin that was present in an expressed sequence tag database (Wu et al, 1996) . uPARAP/Endo180 is the fourth member of the recently recognized macrophage mannose receptor family of large, multidomain, type-1 transmembrane glycoproteins (Engelholm et al, 2001 ). The other members of the family are the macrophage mannose receptor, the receptor for secretory phospholipase A 2 , and the DEC-205/MR6 protein (Ishizaki et al, 1994; Jiang et al, 1995; Lambeau et al, 1994; McKay et al, 1998; Taylor et al, 1990 ). The family is distinguished by a unique and highly conserved domain structure consisting of an N-terminal, cysteine-rich domain homologous to ricin B lectin domains, a fibronectin type-II-like domain (Fn-II), a series of 8 to 10 consecutive C-type carbohydrate recognition domains, a transmembrane domain, and a short cytoplasmic tail (Bateman et al, 1999; Engelholm et al, 2001; Sonnhammer et al,1998) . The N-terminal cysteinerich domain may mediate protein-carbohydrate or protein-protein interactions (Martinez-Pomares et al, 1999) . Fn-II domains are typically associated with collagen binding (Banyai et al, 1990) . Indeed, the Fn-II domain in the secretory phospholipase A 2 receptor is a binding site for collagens type I and IV (Ancian et al, 1995) . In uPARAP/Endo-180, this domain likely mediates the specific high-affinity binding of uPARAP/Endo180 to collagen V (L Engelholm, N Behrendt, and T Bugge, 2000; unpublished data) , suggesting that collagen binding could be a general feature of this protein family. The carbohydrate recognition domains that have been structurally defined so far may function as calciumdependent carbohydrate interaction domains, although the relevance of carbohydrate binding to the activities of all the members of the family remains to be established (Engelholm et al, 2001; Hanasaki and Arita, 1999; Sheikh et al, 2000) . The specific biologic functions of the four members of the macrophage mannose receptor family are not understood in detail. Based on the presence of multiple diverse types of protein-protein and proteincarbohydrate interaction domains, each member may have several distinct physiologic functions, such as targeting soluble ligands to the cell surface, endocytosis of ligands, cell-cell and/or cell-matrix adhesion, and signal transduction.
Two findings reported recently by Barmina et al (1999) have further enhanced the interest in uPARAP/ Endo180 as a regulator of proteolysis in the extracellular environment. First, uPARAP/Endo180 appears to serve as a specific cell surface receptor for matrix metalloprotease-13 (MMP-13). This observation is particularly noteworthy because MMP-13 can be activated from its latent proenzyme form by uPA-mediated plasminogen activation (Carmeliet et al, 1997 (Carmeliet et al, , 1998 , and because MMP-13 is a potent collagen-degrading enzyme (Knauper et al, 1996) . When bound to uPARAP, MMP-13 thus could potentially be activated by uPA (via cell surface-bound plasmin) and then degrade uPARAP/ Endo180-associated collagen V. Second, as a consequence of binding to uPARAP/Endo180, MMP-13 was reported to be internalized and degraded via the lowdensity lipoprotein receptor-related protein (LRP). LRP is an essential, widely expressed clearance receptor that is required for the endocytosis of a large number of extracellular proteases and protease:inhibitor complexes, including plasminogen activators and MMP Yang et al, 2001) . LRP either directly binds and internalizes proteases and protease:inhibitor complexes, or internalizes these ligands in association with specific cofactors or cell surface receptors, including uPAR (Nykjaer et al, 1997; Olson et al, 1992; Yang et al, 2001) . The functional association between uPARAP/Endo180 and the protease scavenger receptor LRP could point to a broader role of uPARAP/Endo180 in protease internalization. Taken together, these intriguing findings suggest that uPARAP/Endo180 could regulate proteolysis at several levels. The receptor may serve as a scaffold in the assembly of a collagenase activator-procollagenasecollagen substrate complex on the cell surface, promoting collagenase activation and pericellular collagen degradation. Alternatively or additionally, uPARAP/ Endo180 may also be a more general factor in the removal of proteases, protease:inhibitor complexes, and protease-digested extracellular matrix from the pericellular environment. In addition to regulating proteolysis, it is also entirely conceivable that uPARAP/ Endo180 could take part in uPAR-dependent cell adhesion, cell migration, chemotaxis, and signal transduction events.
We have characterized the expression of uPARAP/ Endo180 mRNA during murine postimplantation development as an initial step toward understanding the biologic functions of this novel protease receptor. uPARAP/Endo180 was uniformly expressed in primary ossification sites during both endochondral and intramembranous ossification, and demonstrated an intriguing coexpression with its potential interaction partners uPAR and MMP-13 during osteogenesis.
Results

uPARAP/Endo180 Is Expressed during Mouse Embryonic Development
To determine if uPARAP/Endo180 was expressed during development we first performed a Northern blot Engelholm et al analysis of RNA isolated from mouse embryos at embryonic day 10.5 (E10.5), E14.5, E15.5, E16.5, and E18.5 (Fig. 1) . A single transcript of approximately 6 kb, corresponding to the predicted size of uPARAP/ Endo180 deduced from the sequence of the cloned cDNA and gene (L Engelholm, N Behrendt, and T Bugge, 2000; unpublished data) , could be detected at all developmental stages. There was no evidence of alternative splicing of the uPARAP/Endo180 gene during mouse embryonic development, as revealed by smaller or larger uPARAP/Endo180 transcripts. The level of expression of uPARAP/Endo180 mRNA was relatively constant from E10.5 through E16.5, but markedly decreased at E18.5 (Fig. 1A, upper panel) . As documented previously (Mattot et al, 1995; Tuckermann et al, 2000) , MMP-13, which is expressed exclusively in osteogenic tissues during development, displayed robust expression commencing at E15.5, coinciding with the onset of osteogenesis (Kaufmann, 1992; Poole, 1991) (Fig. 1A, middle panel) .
uPARAP/Endo180 Is Expressed in Primary Ossification Sites and Colocalizes with MMP-13
The localization of uPARAP/Endo180 mRNA in developing mouse embryos was analyzed by in situ hybridization of whole embryo sections isolated at E10.5, E14.5, E15.5, E16.5, and E17.5. Sections were obtained from 5-7 levels of each embryo analyzed. The analysis was performed with two nonoverlapping fragments of the murine uPARAP/Endo180 cDNA to confirm the specificity of the obtained signals. An identical hybridization pattern was obtained with the two antisense probes (data not shown). uPARAP/Endo180 expression, as revealed by in situ hybridization, was quite restricted during postimplantation development. uPARAP/Endo180 mRNA was absent or expressed below the limit of detection throughout the developing digestive tract, cardiovascular system, urogenital tract, central and peripheral nervous system, skin, muscle, tendon, and cartilage at all the developmental stages examined (not shown). Interestingly, uPARAP/ Endo180 displayed expression in all tissues undergoing primary ossification throughout the embryo (Fig.  2) . uPARAP/Endo180 mRNA expression in primary ossification sites was first detectable at E15.5, commensurate with the initiation of ossification, and the signal increased in intensity at E16.5 and E17.5 ( Fig. 2 and not shown). uPARAP/Endo180 expression was apparent in both the developing bones of the viscerocranium and calvarium that are formed by intramembranous ossification (Fig. 2 , A to C), as well as in the developing long bones undergoing endochondral ossification ( Fig. 2 , E and F) (Kaufmann, 1992) . No hybridization signal was obtained with the corresponding uPARAP sense probes ( Fig. 2G , and not shown). Lasky and colleagues previously reported the presence of uPARAP/Endo180 transcripts in boneforming tissues of newborn mice and attributed this expression to chondrocytes (Wu et al, 1996) . In this study, however, a detailed analysis of the developing long bones revealed that uPARAP/Endo180 expression was limited to cells directly bordering the osteoid, whereas no signal was present in reserve, resting, proliferating, or hypertrophic chondrocytes. Also, no signal was detected in the primitive mesenchymal Expression of urokinase plasminogen activator receptor-associated protein (uPARAP/Endo180) and uPARAP/Endo180 -interacting proteins during mouse embryonic development. A, Total RNA was isolated from mouse embryos at embryonic days 10.5 (E10.5) and E14.5 to E18.5 and analyzed for the expression of mRNA for uPARAP/Endo180 (upper panel), matrix metalloprotease-13 (MMP-13; middle panel), and 18S ribosomal RNA (lower panel) by Northern blot hybridization. B, Relative levels of expression of mRNA for uPARAP/Endo180 and MMP-13 at the five developmental stages, normalized to 18S ribosomal RNA expression. (Fig.  2 , A to C, and not shown). Primary ossification is accomplished through a concerted effort of osteoblasts, endothelial cells, and osteoclasts, each being abundant in ossification sites (Kaufmann, 1992; Poole, 1991) . The morphology and spatial distribution of the uPARAP/Endo180-expressing cells was compatible with cells of the osteoblast-osteocyte lineage.
MMP-13 is expressed by osteoblasts, as well as by hypertropic chondrocytes during ossification, but not by osteoclasts and endothelial cells (Tuckermann et al, 2000) . To explore the possible coexpression of uPARAP/Endo180 with its proposed interaction partner, we next performed in situ hybridization of parallel embryo sections for MMP-13 mRNA expression by ossifying tissues. A strong MMP-13 signal was displayed by cells bordering the osteoid that had a morphology similar to the cells expressing uPARAP/ Endo180 (Fig. 2, D and H, and not shown). MMP-13 was also highly expressed by cells with a morphology and spatial location compatible with hypertropic chondrocytes (Fig. 2H, ' and not shown). In conclusion, uPARAP/Endo180 appears to be coexpressed with MMP-13 on osteoblasts during primary ossification. It should be noted, however, that the morphologic preservation of the tissue after in situ hybridization precluded the unequivocal identification of the uPARAP/ Endo180-expressing cells as osteoblasts. Expression of uPARAP/Endo180 by endothelial cells or osteoclasts can therefore not be rigorously excluded by this analysis.
uPAR Is Expressed in Osteoblasts and Endothelial Cells during Ossification
Expression of uPAR during ossification has not been reported previously. The ubiquitous expression of uPARAP/Endo180 mRNA at primary ossification sites prompted the examination of uPAR expression during development. To this end, a newly developed highly specific antibody directed against the murine uPAR (Solberg et al, 2001 ) was applied. Unexpectedly, this antibody demonstrated uPAR expression in all ossifying tissues (Fig. 3) . Similar to uPARAP/Endo180, uPAR expression was first detectable in these tissues at E15.5, and expression increased at E16.5 and E17.5 (Fig. 3 , and not shown). uPAR was expressed by osteoblasts adjacent to the osteoid as well as by more mature osteocytes embedded within the osteoid (Fig.  3 , B and E). Endothelial cells lining the vascular canals of the developing long bones also uniformly expressed uPAR (Fig. 3E, curved arrows) , whereas no expression of uPAR was detected on chondrocytes or osteoclasts. In conclusion, we find that uPAR is coexpressed with its interaction partner uPARAP/Endo180 during primary ossification.
uPARAP/Endo180, MMP-13, and uPAR mRNA Is Expressed by Cultured Osteoblasts
Osteogenic cells were isolated from the calvarium of 3-to 5-day-old mice to further investigate the expression of uPARAP/Endo180 and its proposed interaction partners on cells of the osteoblast lineage. This cell population was selected because it contains a homogenous population of preosteoblasts that can be propagated in culture and will differentiate into mature calcifying osteoblasts-osteocytes by prolonged cultivation and by treatment with differentiating cytokines such as bone morphogenetic protein 4 (Hughes et al, 1995) . This process can be monitored by determining the level of expression of the osteoblast-specific differentiation marker osteocalcin (Fig. 4A, panel e) . In accordance with the results of the in situ hybridization analysis, both uPARAP/Endo180 and MMP-13 mRNA were strongly expressed by the cultured osteogenic cells at all stages of differentiation (Fig. 4A , panels a and b). Both uPARAP/Endo180 and MMP-13 mRNA were more abundantly expressed in immature osteoblasts than in mature bone osteocalcin-producing cells. However, addition of bone morphogenetic protein 4 had a minimal effect on the expression of uPARAP/Endo180 and MMP-13 mRNA, suggesting that the expression of the two genes is not strictly regulated by this osteoblast-differentiating cytokine. Interestingly, high levels of uPAR mRNA were also present in these cells (Fig. 4A, panel c) . Furthermore, mRNA for collagen a1(V) chains was also abundantly expressed (Fig. 4A, panel d) . Like uPARAP/Endo180 and MMP-13, the collagen a1(V) mRNA was mainly expressed by immature osteoblasts, but the level of expression was essentially unaffected by the presence of bone morphogenetic protein 4.
Other Sites of uPARAP/Endo180 Expression
Besides ossification sites, expression of uPARAP/ Endo180 was observed in a mesenchymal condensation of the midbrain (Fig. 5, and not shown) . This distinct head structure, termed cephalic mesenchyme (Kaufmann, 1992) , displayed a discernible uPARAP/ Endo180 signal from E14.5 to E17.5. A more detailed examination of the localization of the signal (Fig. 5C ) revealed a rather uniform expression of uPARAP/ Endo180 mRNA by these mesenchymal cells, whereas expression appeared to be absent in endothelial cells of the microvasculature of this structure. Weak expression of uPARAP/Endo180 mRNA was at sites of direct bone formation within primitive connective tissue, such as the developing frontal bone (A to C), as well as in sites of bone formation from preexisting calcified cartilage, such as the humerus (E and F). In both situations, the uPARAP/Endo180 mRNA was located in cells surrounding the osteoid trabeculae (indicated by os) of the primary spongiosa, a location where endothelial cells, osteoclasts, and osteoblast-osteocytes are found (C, arrows) . No signal could be detected in chondrocytes at any stage of differentiation (reserve, resting, proliferating, and hypertrophic, indicated by C). The MMP-13 mRNA-expressing cells included osteoblasts-osteocytes surrounding the area of trabeculae of the primary spongiosa in both intramembraneous (D, arrows) and endochondral ossification sites. Unlike uPARAP/Endo180, MMP-13 mRNA was also seen in hypertrophic chondrocytes (H, arrows) also observed in the developing lungs at E16.5 by cells that could not be further identified (not shown). No MMP-13 mRNA was detected in the cephalic mesenchyme or in the developing lungs (not shown). Immunohistochemical staining with the uPAR antibodies demonstrated expression of uPAR by endothelial cells in the microvasculature of both tissues, as well as in vessels throughout the embryo (not shown).
Discussion
We report that uPARAP/Endo180 is expressed by cells of the osteoblast lineage during osteogenesis in mice. This conclusion is based on (1) the sustained expression of uPARAP/Endo180 mRNA in osteoblastlike cells of all tissues undergoing primary ossification as assessed by in situ hybridization, and (2) the expression of uPARAP/Endo180 mRNA by a homogenous population of cultured primary cells of the osteoblast lineage. We also report a prominent hitherto unappreciated expression of uPAR by osteoblasts and osteocytes during primary ossification, as demonstrated both by the detection of uPAR antigen on osteoblasts-osteocytes in vivo by immunohistochemistry and by the expression of uPAR mRNA by Expression of urokinase plasminogen activator receptor (uPAR) immunoreactivity in E16.5 murine embryonic tissue. Sections were immunohistochemically stained for uPAR using rabbit polyclonal antibodies and tyramide amplification (A, B, D, and E) as described in "Materials and Methods." uPAR immunoreactivity (red staining) was especially evident in tissues undergoing ossification (indicated by stars) as shown for intramembraneous ossification of the frontal bone (A and B), and endochondral ossification of the humerus (D and E). The framed areas in A and D are shown in B and E, respectively. Staining was particularly seen in osteoblast-osteocytes (straight arrows in B and E) outlining the osteoid (os) in desmal ossification and in the capillaries (curved arrows in E) located near hypertrophic chondrocytes at the ossification front of long bones. By contrast, chondrocytes (ch) were negative. Panels C and F are similar sections to A and E, respectively stained with preimmune antibodies as negative control. Scale bars: A, C, and D, 160 m; B, 20 m; E and F, 40 m.
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cultured cells of the osteoblast lineage. The expression of MMP-13 by osteoblasts during primary ossification is well established (Mattot et al, 1995; Tuckermann et al, 2000) and was further confirmed in this study. Collagen V has also been reported to be expressed by the osteoblasts during primary ossification (Wurtz et al, 1998) , consistent with the expression of collagen a1(V) mRNA by cultured osteoblasts. Taken together, these data document a conspicuous coexpression of uPARAP/Endo180 with its proposed protein interaction partners, uPAR, MMP-13, and collagen V, by cells of the osteoblast lineage during primary ossification of the developing mouse bones.
Two mechanistically distinct processes of ossification take place in the developing embryo; endochondral ossification, which occurs at the growth plates of the long bones, and intramembranous ossification, which occurs in flat bones of the viscerocranium and calvarium (Kaufman and Bard, 1999) . During endochondral ossification, a mineralized collagen X-rich cartilage model is invaded by endothelial cells that form the vasculature of the bone, by osteoblasts that deposit the primary bone matrix, and by osteoclasts that degrade and sculpture the newly formed bone matrix to form the mature bone. Intramembranous ossification does not involve the invasion of a preformed cartilage model. Instead bone matrix is deposited directly by osteoblasts differentiating in situ from primitive mesenchymal cells within connective tissuelike membranes. Intramembranous and endochondral ossification are thus mechanistically quite different processes. However, the function of the osteoblast in the two processes is the same, namely to synthesize, assemble, and deposit a specialized collagen type-Irich matrix that constitutes the organic component of the bone matrix (Ducy, 2000) . Accordingly, osteoblastdeficient mice are completely devoid of bone (Komori et al, 1997; Otto et al, 1997) .
Any assertions as to the function of uPARAP/ Endo180 in osteogenesis and the interaction of uP-ARAP/Endo180 with MMP-13, uPAR/uPA, and collagen in this process will have to be speculative in the absence of functional studies. MMP-13 is expressed solely in ossification sites during development (Mattot et al, 1995) and efficiently cleaves most types of native fibrillar collagens and probably other constituents of the extracellular matrix (Knauper et al, 1996) , together strongly, implying a function in matrix turnover during bone development. However, no natural or induced MMP-13 loss of function mutations have been reported to date to corroborate this assumption. As mentioned previously, uPARAP/Endo180 has been reported to bind MMP-13, and latent proMMP-13 can be activated efficiently by the urokinase plasminogen activation pathway (Carmeliet et al, 1997 (Carmeliet et al, , 1998 , suggesting a function of uPARAP/Endo180 in promoting proteolysis. However, uPARAP/Endo180 also mediates the internalization of MMP-13 by LRP (Barmina et al, 1999) , suggesting a role of uPARAP/Endo180 in restricting proteolysis. uPARAP/Endo180 could thus potentially be a critical regulator of MMP-13 surface localization, activation, and availability during osteogenesis. uPARAP/Endo180 may also take part in uPAR-dependent processes that are irrelevant to MMP-13, including potentiation of plasminogen activation, localization of plasminogen activation, substrate presentation for plasmin, and may take part in proteolysis-independent functions of uPAR, such as cell migration, cell adhesion, signal transduction, or protease internalization. In this respect, it is noteworthy that collagen V, unlike most collagens, is cleaved by trypsin-like enzymes, including plasmin (Behrendt et al, 2000; Niyibizi and Eyre, 1989) . Mice deficient in uPAR display no overt developmental abnormalities (Bugge et al, 1995; Dewerchin et al, 1996) . However, perturbations in bone morphogenesis leading to subtle alterations in the morphology of mature bones, such as those described in MMP-9-deficient mice (Vu et al, 1998) , may have gone unnoticed in these mice. Our finding in this paper that osteoblasts express uPAR and uPARAP/Endo180, and that endochondral and intramembranous ossification are principal sites of uPAR and uPARAP/Endo180 expression during development, may warrant a careful examination of embryonic bone development and other osteoblastdependent remodeling processes, such as mechanical stress responses and fracture healing, in uPARdeficient mice.
Collagen V is a quantitatively minor component of fibrillar collagens that is present in most collagen Iand II-rich tissues, including developing bone, where it is deposited at least partially by osteoblasts (Fichard et al, 1995; Niyibizi and Eyre, 1989; Wurtz et al, 1998) . Collagen V is believed to play a critical role in type I and II collagen fibril formation, determining the diameter of the heterotypic collagen fibrils. Mutations in the COL5 genes are linked to the classical form of EhlersDanlos Syndrome, a systemic connective tissue disorder that is characterized by disorganized and enlarged collagen fibrils (Andrikopoulos et al, 1995; Loughlin et al, 1995; Schwarze et al, 2000) . The binding of uPARAP/Endo180 to collagen V could potentially modulate the deposition, adhesion to, degradation, or internalization of this collagen. This process could either involve or be independent of uPAR and MMP-13.
In conclusion, we have demonstrated the coexpression of uPARAP/Endo180 with its proposed interaction partners during murine bone development. Functional studies genetically manipulating the level of uPARAP/Endo180 will be required to unravel the function of this novel receptor in osteogenesis and other developmental processes.
Materials and Methods
Northern Blot Analysis
Embryos were dissected from the uterine horns of pregnant females, cleared of maternal tissue and snap frozen in liquid nitrogen. The frozen embryos were ground to a fine powder using a liquid nitrogen-cooled tissue grinder, and total RNA was isolated from the tissue powder using the Trizol reagent (Life Technologies, Rockville, Maryland) as recommended by the manufacturers. Pools of eight embryos were used to isolate total RNA from E10.5. Single embryos were used for RNA isolation at later developmental stages. Neonatal murine calvarial cells were prepared from the 
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calvaria of 3-to 5-day-old C57BL/6J mice essentially as described (Chen et al, 1999) . Briefly, the calvaria were washed for 3 ϫ 10 minutes in PBS containing 4 mM EDTA. To release osteogenic cells, the washed calvaria were subjected to five 10-minute treatments with 200 U/ml CLS-2 bacterial collagenase (Worthington Biomedical Corporation, Freehold, New Jersey) in PBS, and the released cells were collected after each treatment. Fractions collected from the third, fourth, and fifth digestions, which are rich in osteoblast precursors and osteoblasts (Centrella et al, 1987) , were pooled, washed twice in ␣-MEM (Life Technologies) containing 10% FCS (culture medium), and seeded into 10-cm dishes at a density of 1,000 -2,000 cells/ cm 2 . Bone morphogenetic protein 4 (R & D Systems, Minneapolis, Minnesota) was added continuously to some cultures at 30 ng/ml to study the effect of this osteoblast-differentiating cytokine on uPARAP/ Endo180, MMP-13, uPAR, and a1(V) collagen mRNA expression. Once confluency was reached (approximately Day 7), the cultures were fed twice weekly with medium containing 2 mM ␤-glycerophosphate. Total RNA was isolated from the osteogenic cells using the RNA STAT-60 reagent (Tel Test B, Friendswood, Texas) after either 1 or 4 weeks of culture. RNA was quantitated by measuring ultraviolet light absorption at 260 nm. Twenty-microgram samples of whole embryo RNA and 6-g samples of osteoblast RNA were separated by electrophoresis on 1% agarose formaldehyde gels and transferred to Nytran membranes (Schleicher & Schuell, Keene, New Hampshire) by capillary blotting. The following DNA fragments were used as probes: a 1.6-kb expressed sequence tag containing nucleotides 4303-5545 of the murine uP-ARAP/Endo180 cDNA (Wu et al, 1996) , a full-length murine MMP-13 cDNA (Henriet et al, 1992) , a fulllength murine uPAR cDNA (Kristensen et al, 1991) , a full-length murine osteocalcin cDNA (Ducy et al, 1996) , and a DECA template-18S-mouse probe from Ambion (Austin, Texas). The cDNA fragments were released from their parental plasmids by digestion with appropriate restriction enzymes, purified by agarose gel electrophoresis, radiolabeled with 32 P-dCTP by random prime labeling using the Random Primed DNA Labeling Kit (Roche Diagnostics, Indianapolis, Indiana), and purified on ProbeQuant G-50 columns (Amersham Pharmacia Biotech, Piscataway, New Jersey). Prehybridization was carried out at 65°C in 10 ml QuikHyb (Stratagene, San Diego, California). The labeled DNA probe was boiled in 1 mg salmon sperm DNA (Research Genetics, Huntsville, Alabama) and then added to the QuickHyb solution after 30 minutes of prehybridization. Hybridization was carried out for 2 hours at 65°C. The membrane was washed for 3 ϫ 20 minutes in 2ϫ standard sodium citrate (SSC) with 0.1% SDS at 65°C and exposed overnight to a PhosphorImager screen (Molecular Dynamics, Sunnyvale, California). The uPARAP/Endo 180, uPAR, MMP-13, collagen a1(V), and osteocalcin mRNA signals obtained from the PhosphorImage analysis were normalized to 18S ribosomal RNA expression using ImageQuant software from Molecular Dynamics. The Northern blot analysis of embryonic uPARAP/ Endo180 and MMP-13 expression was carried out at least twice for each developmental stage using independently isolated RNA preparations. The Northern blot analysis of uPARAP/Endo180, MMP-13, uPAR, collagen a1(V), and osteocalcin expression in cultured osteoblasts was carried out twice with RNA isolated from osteoblast culture obtained from independent calvarial preparations. Similar data were obtained in all experiments.
Preparation of Mouse Embryonic Tissues for In Situ Hybridization and Immunohistochemistry
Mouse embryos were prepared from timed matings of C57Bl/6J mice (Jackson Laboratories, Bar Harbor, Maine) (midnight ϭ 0 days post coitum). To collect embryos, pregnant mice were anesthetized by ip injection of 0.03 ml/10 g of a 1:1 mixture of Dormicum (Midazolam, 5 mg/ml) (Roche, Basel, Switzerland) and Hypnorm (Fluanison, 5 mg/ml, and Fentanyl, 0.1 mg/ ml) (Janssen Pharmaceutica, Titusville, New Jersey). The mice were perfused intracardially with 20 ml ice-cold PBS followed by 20 ml 4% paraformaldehyde in PBS. The uterus was removed and fixed in 4% PFA for a further 48 hours at 4°C. The tissue was dehydrated and embedded in paraffin. Animal care at the National Institutes of Health and at the University of Copenhagen was in accordance with national and institutional guidelines.
In Situ Hybridization
Two fragments of the murine uPARAP/Endo180 cDNA were generated from total mouse lung RNA by RT-PCR using the Titan One Tube RT-PCR System (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions. The amplified fragments were inserted into the pCRII-TOPO plasmid using the TOPO TA Dual Promoter cloning system (Invitrogen, Groningen, Netherlands) to generate pmuPARAP2-containing nucleotides 3147-3789 and pmuPARAP3-containing nucleotides 2567-3188 of the murine uPARAP/Endo180 cDNA (Wu et al, 1996) . Plasmids containing fragments of the murine MMP-13 cDNA (pmMMP-13-485, and pmMMP-13-811) have been described previously (Lund et al, 1999) . Antisense and sense riboprobes were labeled with 35 S-UTP (New England Nuclear, Boston, Massachusetts) by in vitro transcription of pmuPARAP2, pmuPARAP3, pmMMP-13-485, and pmMMP-13-811 using Sp6, T3, and T7 RNA polymerases (Roche) as described previously (Kristensen et al, 1991) . The DNA template was digested with DNase I (Promega, Madison, Wisconsin), and nonincorporated 35 S-UTP and DNA were removed by column chromatography using S-200HR microspin columns (Amersham Pharmacia Biotech). The activity was adjusted for every probe by dilution to 0.5 ϫ 10K (Roche, Basel, Switzerland) for 5 minutes at 44°C, or boiled in 10 mM citric acid, pH 6.0, in a microwave oven for 5 or 10 minutes. The latter treatment was used to retain the integrity of the hypertrophic chondrocytes of the developing bones. Sections were then dehydrated and 35 S-labeled probes (2 ϫ 10 6 cpm/ slide in hybridization solution) were added. The sections were incubated overnight at 55°C in a humidified chamber. Sections were then washed in SSC buffers containing 0.1% SDS and 10 mM dithiothreitol at 150 rpm at 55°C using a Bühler incubation shaker (Johanna Otto, Hechingen, Germany) for 10 minutes in 2ϫ SSC, for 10 minutes in 0.5ϫ SSC, and for 10 minutes in 0.2ϫ SSC. Sections were then treated with RNase A (20 g/ml in 0.5 M NaCl, 1 mM EDTA, 10 mM Tris-HCl, pH 7.2) for 10 minutes at 44°C to remove nonspecifically bound riboprobe. Subsequent washes were performed in 0.2ϫ SSC as specified above. Sections were dehydrated in graded ethanol solutions containing 300 mM ammonium acetate, soaked into an autoradiographic emulsion (Ilford, Cheshire, United Kingdom), exposed for 5 days (for MMP-13 specific probes) or up to 5 weeks (for uPARAP/Endo180 specific probes) and then developed. Sections were counterstained with hematoxylin and eosin, mounted in Pertex (Prohospital, Vaerløse, Denmark) and photographed with a Photometrics Coolsnap CCD camera, (Rober Scientific, Trenton, New Jersey) mounted on a transmission microscope (Leitz, Wetzlar, Germany).
Immunohistochemistry
Immunohistochemical staining of uPAR in murine tissues was performed with rabbit polyclonal antibodies raised against soluble recombinant murine uPAR generated in Chinese hamster ovary cells. This antibody preparation does not react with any tissues from uPAR-deficient mice in immunohistochemistry and is thus highly uPAR-specific (Solberg et al, 2001; and H Solberg, M Ploug, G Hoyer Hansen, BS Nielsen, and LR Lund, unpublished data) . Five-micrometer embryo tissue sections were deparaffinized in xylene and hydrated in graded ethanol solutions. Sections were predigested with trypsin and blocked for endogenous peroxidase by immersion in 1% hydrogen peroxide for 15 minutes. The polyclonal antibodies were incubated at 10 g/ml overnight at 4°C and then detected with biotinylated swine anti-rabbit antibodies (Dako, Glostrup, Denmark) followed by streptavidin/ horseradish-peroxidase complexes (Dako), tyramide signal amplification with biotinyl tyramine (New England Nuclear) (Bobrow et al, 1989) and, finally, streptavidin-complexed alkaline phosphatase (Dako). The sections were washed in Tris buffered saline containing 0.5% Triton X-100 between each antibody incubation step, and developed with the fast red substrate (Kem-En-Tec, Copenhagen, Denmark) for 2 hours. Preimmune rabbit IgG at 10 g/ml was used as a negative control.
